The immune system is composed of an enormous variety of cells and molecules that generate a collective and coordinated response on exposure to foreign antigens, called the immune response. Within the immune response, endo-lysosomal proteases play a key role. In this review we cover specific roles of cathepsins in innate and adaptive immunity, as well as their implication in the pathogenesis of several diseases.
Introduction
Innate and adaptive immune responses are components of a defence mechanism which has become increasingly specialised with evolution. This immune system is able to generate numerous cells and molecules capable of specifically recognising and eliminating an apparently unlimited variety of foreign invaders by functioning cooperatively [1] . At inflammatory sites, accumulation of these specialised cells and molecules helps to remove invading agents efficiently, but may also amplify the inflammatory response by damaging surrounding tissue [2] . Therefore, and in particular under inflammatory conditions during which stimulated cells are releasing toxic mediators, the numbers of inflammatory cells must be tightly controlled.
To eliminate unwanted and potentially harmful cells from inflamed tissues without releasing hazardous intracellular contents, apoptosis, a crucial physiological form of programmed cell death, is conducted [3, 4] . The central component of apoptosis is a proteolytic amplifying cascade involving specialised proteases called cysteinyl-aspartatecleaving proteases (= caspases) which cleave a wide range of cellular substrates [5] .
Besides caspases, cathepsins have recently been shown to be associated with cell death regulation [6] [7] [8] [9] [10] [11] [12] and various other physiological and pathological processes, such as maturation of the MHC class II complex, bone remodelling, keratinocyte differentiation, tumour progression and metastasis, rheumatoid arthritis and osteoarthritis, as well as atherosclerosis [13, 14] (table 1) . Thus, cathepsins appear to play a significant role in immune responses. In this review we discuss recent advances addressing the role of lysosomal proteases in the diverse aspects of the immune response, and also the involvement of cathepsins in the pathogenesis of diseases in which these proteases seem not to be properly under control.
The cathepsin family
Lysosomes are membrane-bound organelles which represent the main degradative compartment in eukaryotic cells. Some cell types, mainly derived from the haematopoietic lineage, contain a specialised lysosomal compartment which can secrete its content into the extracellular environment in response to external stimuli [15] . These organelles have been commonly named "secretory lysosomes" or "lysosomal-related organelles" and include lytic granules, major histocompatibility (MHC) class II compartments, and basophil and azurophil granules [16] . Conventional and secretory lysosomes share similar proprieties, such as the internal acidic pH and presence of degradative proteins. However, secretory lysosomes are distinguished from conventional lysosomes by their ability to undergo regulated secretion [17] .
Lysosomes contain a considerable number of proteases. Among them the best known are the cathepsins. The cathepsin family contains chiefly cysteine (Cys) proteases, although cathepsins A and G are serine proteases and cathepsins D and E are aspartic proteases. In humans eleven cysteine cathepsins are known: cathepsins B, C (J, dipeptidyl peptidase I or DPPI), F, H, K (O2), L, O, S, V (L2), X (P,Y,Z) and W (lymphopain) [18, 19] . They are all members of the papain family, which belongs to the clan CA (cathepsins) of cysteine proteases. The clan CA con-tains all the families of peptidases known to have structures similar to that of papain [20] .
To prevent any uncontrolled proteolytic activity, cathepsins are kept tightly in check. All cathepsins are synthesised as inactive zymogens. The processing of the inactive zymogen into a catalytically active enzyme usually occurs within the lysosome by other active proteases or by autocatalysis under certain specific conditions, such as low pH or the presence of glycosaminoglycans [21] . The major regulators of cathepsin activity are endogenous protein inhibitors known as cystatins, stefins, thyropins, and serpins which bind tightly to the target enzyme, thereby preventing substrate hydrolysis [22] . At least for some cathepsins, activity can also be lost by degradation or by oxidation of the Cys residue in the catalytically active site [6] .
Cathepsins cleave their substrate in a relatively unspecific manner. While cathepsins B and H function as exopeptidases and endopeptidases, cathepsins D, E, F, G, K, L, S and V are endopeptidases, and cathepsins A, C and X are exopeptidases. Following synthesis, cathepsins are glycosylated posttranslationally and transported to lysosomes via the mannose-6-phosphate receptor pathway, where their concentration can reach up to 1 mM [23] . Depending on the tissue, a number of cathepsins show significant differences in protein expression levels and ratios, suggesting that individual cathepsins may have highly specific cellular functions [24] .
Besides their main function in lysosomal protein recycling, cathepsins play significant roles in a variety of physiological processes such as Ag processing, wound healing, bone remodelling, prohormone and proenzyme activation, hair cycle, reproduction and also in diseases such as cancer, bronchial asthma, atherosclerosis, periodontitis, rheumatoid arthritis (RA), and osteoarthritis [14, 18, 21] (table 1). The role of cathepsins in apoptosis was discovered quite recently [25, 26] . For their proapoptotic function, cathepsins must be released from the lysosome into the cytosol by either lysosomal destabilisation [27] or lysosomal membrane permeabilisation (LMP) [28] . So far a number of molecules have been found to target the lysosomal membrane and induce apoptosis in a caspase-dependent or -independent manner (reviewed in [1] ).
Cathepsins and innate immunity
Lysosome-mediated apoptosis Cathepsins have been shown to play significant roles in the physiological process of apoptosis. Moreover, the resolution of inflammation depends on apoptosis of inflammatory cells (e.g. neutrophils and eosinophils) and their subsequent clearance by phagocytes such as macrophages. mitochondrial damage and subsequent caspase activation and apoptosis [30] . These two studies provide confirmation that cathepsins are important modulators of innate immune responses, and that azurophilic granules, in which cathepsins are expressed and stored, may represent a new target for the development of antiinflammatory drugs.
Toll-like receptor signalling
Unexpectedly, lysosomal cathepsins have also been shown to play a role in innate responses to microbes. Toll-like receptors (TLRs) 3, 7, 8 and 9 are expressed on endosomal membranes and recognise nucleic acids of microbes that have been phagocytosed by cells. Originally identified as an osteoclast-specific lysosomal protease, it has been shown that cathepsin K potently attenuates inflammatory autoimmune diseases [31] . Pharmacological or genetic inhibition of cathepsin K results in defective TLR9 signalling in dendritic cells in response to unmethylated CpG DNA, without affecting their antigen-presenting ability. Similarly, cathepsin B, L, S and F were shown to be required for TLR9 responses [32] ( fig. 1B ). Apparently cathepsins induce a proteolytic cleavage which is a prerequisite for TLR7 and TLR9 signalling [33, 34] . The ectodomains of TLR7 and TLR9 are cleaved in the endolysosome, in such a way that no full-length protein is detectable in the compartment where ligand is recognised. Notably, although both the full-length and cleaved forms of TLR9 are capable of binding ligand, only the processed form recruits the signalling adaptor MyD88 on activation. Moreover, the ectodomain cleavage represents a strategy to restrict receptor activation to endolysosomal compartments and prevent TLRs from responding to self nucleic acids [33] . Together these studies identify an important role for cathepsin-dependent lysosomal proteolysis in innate immunity.
Relationships between cytokines and cathepsins
Cathepsin activity has been shown to either directly activate or inhibit certain cytokines playing an important role in inflammatory responses and consequently in innate immunity. Neutrophil proteases, such as cathepsin G or proteinase-3, enhance the activity of interleukin (IL)-8, a strong neutrophil chemoattractant, activator and proinflammatory cytokine, by limited N-terminal truncation of 5 residues [35] (fig. 1C ). In contrast, the same neutrophil proteases have been reported to reduce dramatically the bioactivity of IL-6 in fluids from inflammation sites [36] . More recently, in human fibroblasts, cathepsin L has been shown also to enhance the activity of IL-8 by limited Nterminal truncation, suggesting that cathepsin L secreted by human fibroblasts plays an important role in IL-8 processing at inflammatory sites [37] . Ha et al. found that cathepsin B was required for optimal posttranslational processing and production of TNF-alpha in response to the bacterial cell wall component lipopolysaccharide (LPS), suggesting that intracellular cathepsin B activity is involved in the TNF-alpha-containing vesicle trafficking to the plasma membrane [38] . In addition, neutrophil serine proteases, like cathepsin G, are able to activate the proinflammatory cytokines IL-1beta and TNF-alpha and various receptors, such as epidermal growth factor receptor and protease-activated receptors [39] . Neutrophil serine proteases, as well as cathepsins B and L, may therefore be important regulators of the inflammatory innate immune responses and may represent interesting targets for new therapeutic approaches against inflammatory disorders.
Activation of granule serine proteases
The effector functions of immune cells (e.g. neutrophils) depend on the activation of granule-localised serine proteases such as cathepsin G and proteinase-3 [40] . These enzymes are synthesised as inactive zymogens and are activated by the aminodipeptidase cathepsin C (also known as DPPI), which removes two N-terminal residues [41] . As expected, lack of cathepsin C was shown to be protective in some murine models of inflammation and sepsis due to attenuated neutrophil function [42, 43] . This indicates that cathepsin C may be an attractive drug target to control multiple inflammatory serine proteases. Nonetheless, it appears that efficient and sustained inhibition of cathepsin C, probably by cystatin F, is required to fully quench neutrophil granule protease activity [40, 44] .
Cathepsins and adaptive immunity
Antigen processing and presentation Cathepsins play important roles in antigen processing and presentation, suggesting that they are involved in adaptive immune responses. A specific adaptive immune response is dependent on the formation of appropriate peptides from foreign proteins and their consequent presentation on major histocompatibility class I or II (MHC I and II) complexes [24] . In this respect, endo-lysosomal proteases inside antigen presenting cells (APCs), such as dendritic cells (DCs) Figure 1 Roles of cathepsins in innate immunity. A. Depending on the cell type and the stimuli, cathepsins are rapidly released into the cytosol where they induce proteolysis of caspase-8 or the Bcl-2 family member Bid, which subsequently activates the enzymatic signalling cascade leading to apoptosis. Cysteine protease inhibitors, like serpins and cystatins, may regulate cathepsin activity in the cytosol. B. Lysosomal cathepsins induce proteolytic cleavage of TLRs (e.g. TLR7 and TLR9), which is a prerequisite for their signalling. The processed form then recruits the adaptor protein MyD88, which will in turn launch the different TLR signalling pathways. C. Inflammatory signals (e.g. LPS or TNF-α) induce the synthesis and secretion of cytokines and chemokines, such as IL-8. The secreted IL-8 precursor is converted into a mature form with enhanced neutrophil chemoattractant properties, by cathepsin activity. fig. 2A ). They are also able to initiate the removal of the MHC II-associated chaperone invariant chain (li) from MHC II [45] . A subtle balance exists between the formation of peptides with Ag epitopes and their complete destruction [46] , and many different cathepsins (e.g. cathepsins S, L, V, B, D and W) and their endogenous inhibitors (cystatin C and p41li) have been proposed as participating in this regulation [24] . These proteases and inhibitors are probably the major selectors for the repertoire of surface peptide-MHC II complexes [47] .
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Cathepsin S is without any doubt the major protease involved in MHC II Ag processing and presentation [21] . Indeed, cathepsin S null mice show a marked variation in generation of MHC II-bound li fragments and presentation, due to the substantially diminished li degradation in professional APCs where cathepsin S is abundantly expressed [48, 49] . In addition, endocytosis targets exogenous material selectively to cathepsin S in human DCs [50] . Enrichment of MHC II molecules within late endocytic structures has consistently been noted in splenic DCs of cathepsin Sdeficient mice [51] . Cathepsin L-deficient mice exhibit a defect in MHC II-associated Ag presentation due to incomplete processing of li to CLIP in cortical thymic epithelial cells (cTECs) [52] , which act as APCs for positive selection of T lymphocytes in the thymus. Further, in cathepsin L-deficient mice, the number of CD4 + T lymphocytes is diminished, confirming cathepsin L as an essential protease in MHC II Ag presentation in the thymus but not in bone marrow-derived APCs [52] . In humans, this proposed function of mouse cathepsin L is performed by its homologue cathepsin V [53] .
Recent studies suggest that both cathepsin B and D are involved, but not essential for MHC II-mediated Ag presentation [47] . Cathepsin X, which is similar to cathepsin B, has been shown to mediate the function of β 2 -integrin receptors associated with cell adhesion during T cell activation [24] (fig. 2B ). Loss or inhibition of cathepsin E has been reported also to compromise processing and presentation of antigens such as ovalbumin, myoglobin and tetanus toxin [54, 55] . Importantly, endo-lysosomal proteases can also destroy and generate T cell epitopes. They can attenuate protease activity, as for example in newly formed phagosomes, by raising phagosomal pH, which protects antigen for subsequent cross-presentation on class MHC I molecules [56] . DCs express reduced levels of endo-lysosomal proteases compared to macrophages, which appears to improve rather than impede their performance as APCs [57] , suggesting that destructive processes could not only limit immunogenicity but may also compromise tolerance to self-proteins [58, 59] . Finally, endo-lysosomal proteases found in APCs may be complemented 60].
Relationships between cytokines and cathepsins
Certain cytokines regulate lysosomal protease activity. For instance, TNF-alpha and IL-1beta have been shown to increase the activity of cathepsin S and B in human DCs, leading to increased class II MHC dimer formation and T cell recognition [61] (fig. 2A ). IL-6 and IL-10 also modulate protease activity, at least in part, by altering endosomal pH [61, 62] . Another study showed that IL-10, which was produced by bacillus Calmette-Guérin (BCG)-infected macrophages, reduced cathepsin S expression levels, overriding the ability of interferon (IFN)-gamma to enhance class II MHC levels and promote T cell recognition of infected cells [63] . In contrast, IL-10 and IL-6 were also shown to enhance the activity of various cathepsins, including cathepsin S [63] improving presentation and recognition of T cell epitopes in IL-6 treated DCs.
Activation of granule serine proteases
In NK cells and T lymphocytes, cathepsin C is involved in the activation of progranzymes, such as granzymes A and B, into proteolytically active enzymes. Granzymes A and B are neutral serine proteases expressed in the granules of NK cells and activated cytotoxic T lymphocytes (CTLs, also called CD8 + T cells), where they are involved in cytotoxiclymphocyte-granule-mediated and perforindependent apoptosis of target cells [64] . Defects in cytotoxic T cell function have been reported in cathepsin C-deficient mice [64] . However, in the absence of cathepsin C, residual granzyme B, but not granzyme A, activity in cytotoxic T cells was observed and was sufficient to control some viral infections, pointing to possible alternative mechanisms of granzyme activation [65] . Cathepsin W, also known as lymphopain, is selectively expressed in the endoplasmic reticulum (ER) and Golgi apparatus compartments of CD8 + T and NK cells, suggesting a function in cytotoxicity. However, CTLs from cathepsin W-deficient mice have shown that cathepsin W is not required for cytotoxic lymphocyte-induced target cell death [66] . The immunological roles of cathepsin W, however, require additional studies.
Lysosome-mediated apoptosis
Apoptosis in immune cells occurs as a mechanism to control appropriate or inappropriate immune responses. In a model of high dose tolerance during incubation of T cells with anti-thymocyte globulins (ATG), a rapid reduction in lymphocyte proliferation and an increase in the number of apoptotic cells was dependent on cytosolic cathepsin B activity [67, 68] (fig. 2C) . Similarly, rapid apoptosis induction was mediated by cathepsins B and L in CD4 + or CD8 + T lymphocytes incubated with high Ag concentrations via CD95/CD178 (Fas/FasL) interactions [69] or TNF receptor II/TNF interactions [70] . Germinal B cells are subject to cathepsin-mediated apoptosis through their antigen receptors [71] . In contrast, interactions with follicular DCs and CD40 ligation were shown to rescue B cells from LMP and apoptosis by impeding the release of lysosomal enzymes into cytosol [72] . At the end of an immune response, T cell contraction also results in massive apoptosis with a small subset of highly specific memory cells surviving [40] . This process could be influenced by Spi2A, a cytosolic cysteine protease inhibitor recently shown to be upregulated in memory CD8 + T cells and to suppress cytosolic cathepsin B activity. Intracellular pathogens can also provoke cathepsin-mediated apoptosis. Indeed, CD4
+ T cells harbouring HIV are susceptible to apoptosis via a mechanism involving the virally encoded protein Nef and release of lysosomal cysteine and aspartyl cathepsins B and D respectively [73] . Nevertheless, the mechanism of cathepsin release, by Nef or other stimuli, remains to be clarified.
Cathepsins and the pathogenesis of diseases
Due to altered expression (e.g. upregulation in cancer and metastasis progression), proteolytic activity (e.g. unbalanced amount between proteases and their endogenous inhibitors) and localisation (e.g. increased secretion outside the cells), deregulated cathepsins activity is thought to be a cause or contributing factor of diseases such as cancer, bronchial asthma, atherosclerosis, Alzheimer's disease, rheumatoid arthritis (RA), and osteoarthritis. Cathepsin S is considered to be one of the prime targets for various immune system-related diseases. Cathepsin S secreted from tissue macrophages is involved in extracellular matrix (ECM) degradation, thereby contributing to the pathology of diseases such as atherosclerosis, arthritis, bronchial asthma and chronic obstructive pulmonary disease (COPD) [74, 75] . Chemical or genetic ablation of cathepsin S attenuates Th1-driven autoimmune disease in different mouse models (reviewed in [47] ). Moreover, cathepsin S-deficient mice exhibit significantly diminished susceptibility to collagen-induced arthritis [48] . Pharmacological inhibition of cathepsin S by inhibitors such as N-morpholinurea-leucine-homophenylalanine-vinyl-sulfonephenol resulted in impaired li processing and Ag presentation [76] . At least one cathepsin S inhibitor is in clinical trials for the treatment of psoriasis (e.g. Celera was the first company to announce the entry into phase I clinical trials of an inhibitor of cathepsin S), [21] confirming that cathepsin S is a potential therapeutic target.
Cathepsin L-deficient mice show defects in skin and hair development [77, 78] and cardiac alterations [79] . Cathepsin L has also been associated with abdominal aortic aneurysm [80] , atherosclerosis [81] , neuronal cell death [82] and osteoclastic bone degradation [83] . Interestingly, cathepsin E-deficient mice are susceptible to development of atopic dermatitis (AD) due to an accumulation of both immunoglobulin (Ig)E and Th2 polarising cytokines. In humans AD was also linked to low levels of cathepsin E [84] .
Moreover, cathepsin E-deficient mast cells accumulate the proform of carboxypeptidase A, which could be relevant for the development of dermatitis [85] .
Cathepsin K is abundantly and selectively expressed in osteoclasts, where it is involved in ECM degradation and bone remodelling. Hence cathepsin K plays a critical role in the initiation and/or progression of RA, in which it has been found, in addition to cathepsins S, B and L, to be elevated in synovial fluids and the lining tissue inside arthritic joints [74, 86] . Apart from RA, cathepsin K plays a role in other pathological diseases involving bone and cartilage turnover, such as osteoporosis, osteoarthritis, osteopetrosis and pycnodysostosis [24] . Consequently, cathepsin K inhibitors are in clinical trials for the treatment of osteoporosis and RA [14, 87] .
Cathepsin D is a ubiquitously expressed lysosomal protease which has been shown to be involved in proteolytic degradation, cell invasion and apoptosis. In humans, as well as in mice and sheep, cathepsin D deficiency is known to cause congenital neuronal ceroid-lipofuscinosis (NCL), a devastating inherited neurodegenerative disorder of unknown metabolic basis [88, 89] . Cathepsin D, as well as cathepsin B, has been shown to be involved in the pathology of Alzheimer's disease [90, 91] . In addition, cathepsins B and D were previously reported to play a role in innate immune responses and inflammation [29, 30] . Interestingly, cathepsin C plays a critical role in neutrophil recruitment during the development of experimental abdominal aortic aneurysm, which is associated with chronic inflammation and destructive remodelling of aortic wall connective tissue [92] . Furthermore, cathepsin C-deficient mice are largely resistant to collagen-induced arthritis [93] . Finally, human insufficiency of cathepsin C, resulting in Papillon-Lefèvre syndrome, is characterised by periodontitis and skin infections [94] .
Once secreted, cathepsins such as cathepsins B, D, L and S, are known to induce degradation of the extracellular matrix and to participate in tumour progression and metastasis. However, cancer cells show transformation-induced changes of the lysosomal compartment which, besides their pro-oncogenic effects, may sensitise cells to the lysosomal death pathway, thereby allowing cell death to occur even in cancer cells with multiple defects in the classical apoptosis signalling pathways [95, 96] . Lysosomes of tumour cells may therefore be targets for anti-tumour therapy em-
Figure 2
Roles of cathepsins in adaptive immunity. A. Lysosomal proteases remove the invariant chain (li) chaperone and introduce cleavages in endocytosed antigens which will consequently trigger unfolding and capture of processed antigen by newly synthesised class II MHC molecules. Moreover, cytokines (e.g. IL-1β, TNF-α) can modulate cathepsin activity and influence the class II MHC pathway. B. Activation of immune cells, for example following Fc receptors (FcR) ligation by immune complexes, induces conformational changes to surface receptors, such as β-integrins, increasing integrin affinity for its ligands. By an unexplained mechanism, cathepsins access the cytosol and target integrins at the plasma membrane. Both rearrangement of their cytoskeleton and ligand binding result in clustering of these molecules, thereby increasing cell-to-cell contact or adhesion to extracellular matrices. C. Following induction of apoptosis by different stimuli, such as the viral protein Nef, lysosomal cathepsins are released into the cytosol. Once in the cytosol, these proteases will induce the proteolysis of different targets (e.g. caspase-8, Bid, and anti-apoptotic Bcl-2 family members) and activate the enzymatic signalling cascade of apoptosis. In the cytosol, the cathepsin activity can be kept in check by the cysteine protease inhibitors, serpins and cystatins.
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Swiss Med Wkly. 2010;140:w13042 ploying agents able to induce LMP and provoke cathepsinmediated cytotoxicity. In addition, silencing of naturally occurring cathepsin inhibitors, such as serpins and cystatins, which attenuate the cytosolic activity of cathepsins and hence LMP-driven apoptosis, may induce apoptosis and be consequently therapeutically useful in autoimmune lymphocyte populations and tumour cells [40] .
In contrast, an increase in apoptosis may be pathogenic in the case of hereditary deficiencies in lysosomal enzymes. Indeed, loss-of-function mutations of cystatin B, a cytosolic inhibitor of lysosomal cysteine cathepsins, cause Unverricht-Lundborg syndrome, an autosomal recessive inherited form of epilepsy [97] . Similarly, cystatin B knockout mice exhibit signs of apoptosis affecting cerebellar granule cells [98] . Finally, ceramidase deficiency causes Farber's disorder due to an accumulation of ceramide, a pro-apoptotic second messenger known to induce LMP and to inhibit the respiratory chain which in turn induces mitochondrial outer membrane permeabilisation (MOMP) and apoptosis [99] . Table 1 summarises the involvement of cathepsins in the pathogenesis of diseases.
Concluding remarks
Cathepsins represent a very important part of the immune system and need to be properly kept under control to avoid pathological damage to cells or tissues. Due to their emerging role in activation of innate and adaptive immune responses, which may result in diseases such as chronic inflammation and autoimmune disorders, cathepsins and their inhibitors constitute attractive therapeutic targets. In this context, further investigations regarding the mechanism(s) of cathepsin release from lysosomes and their cytosolic targets are required. Moreover, future clarification of the molecular mechanisms controlling lysosomal membrane stability under inflammatory conditions, as well as approaches to control the levels of endogenous cathepsin inhibitors, are central themes of current research. The information gleaned therefrom may help to formulate new therapeutic applications designed to either prevent or induce cathepsin release.
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